The product of the retinoblastoma susceptibility gene, the Rb protein, functions partly through transcriptional repression of E2F-regulated genes. Repression by Rb is mediated, at least in part, by a histone deacetylase complex, whose enzymatic activity relies on HDAC1, HDAC2 or HDAC3. Recently, we have shown that the Rb-associated histone deacetylase complex contains RbAp48 protein, which interacts with HDAC1 and HDAC2. RbAp48 could favour the deacetylation of histones since it binds directly to histone H4. In agreement with that, we show that transcriptional repression of E2F activity requires the presence of RbAp48. HDAC3 was thought not to interact with RbAp48. However, we found that it shared with HDAC1 the ability to favour the recruitment of RbAp48 to Rb. This latter effect was unlikely to be due to activation of Rb function, since HDAC3 did not increase Rb-E2F1 interaction. Rather, we found, surprisingly, that HDAC3 could physically interact with RbAp48 both in vitro and in living cells. Taken together, our data suggest a model in which Rb mediates the recruitment to E2F-regulating promoters of a repressive complex containing either HDAC1, HDAC2 or HDAC3 and the histone-binding protein RbAp48.
INTRODUCTION
The E2F transcription factor regulates progression into S phase of the cell cycle by activating many S phase-specific genes, such as DNA polymerase α, cdc6, cyclin E and DHFR, at the end of G 1 . E2F is composed of heterodimers between the socalled E2F proteins (E2F1-E2F6) and their partner DP proteins (DP1 and DP2) (reviewed in 1,2). E2F1-E2F5 all share a dimerization/DNA-binding domain and a transcriptional activation domain and specifically bind a member of the pocket protein family, which is composed of retinoblastoma protein (Rb) and its two cousins, p107 and p130.
The founding member of the family, Rb, is recruited to E2F-responsive genes through direct binding to E2F1, E2F2 or E2F3. Phosphorylation of Rb at the end of G 1 by the concerted action of cyclin/cdks results in functional inactivation of the protein and the appearance of free E2F-DP heterodimers able to activate transcription (3) .
At the beginning of G 1 , Rb is recruited to E2F-regulated genes and represses their transcription. A large body of evidence indicates that transcriptional repression by Rb is crucial for its anti-proliferative effects: in some instances, a basal non-repressed transcription of E2F-regulated genes is sufficient to promote cell growth and cell transformation (4) (5) (6) (7) .
Various mechanisms for transcriptional repression by Rb have been suggested (8, 9) . However, many recent studies have shown that Rb represses transcription, at least in part, through the recruitment of histone deacetylases (10) (11) (12) . Histone deacetylases are thought to create a 'closed' chromatin structure through deacetylation of nucleosomal histone N-terminal tails (for a recent review, see 13) . Also, it is now known that many other proteins than histones are acetylated in live cells, such as p53, the acetyltransferase SRC1 and transcription factor E2F1 itself (reviewed in 14) . These acetylated proteins, in particular E2F1, could be important substrates for Rbassociated histone deacetylases.
Recently, chromatin immunoprecipitation experiments have shown that histones on E2F-regulated promoters evolve from a hypoacetylated to a hyperacetylated state as cells progress towards S phase (15) . This result indicates that histones are likely to be real substrates of the histone deacetylase complex recruited by Rb. This complex could be targeted to histones through the protein RbAp48 (16) , which interacts physically with histone H4 (17, 18) . RbAp48 was proposed to be assembled in the complex through its interaction with the histone deacetylase HDAC1 (16) .
Recently, histone deacetylase HDAC3 was also shown to interact with Rb (19) . Interestingly, HDAC3 is believed not to be associated with RbAp48 in live cells (20) . This suggests that there could be two types of histone deacetylase complexes associated with Rb: one depending on HDAC1 or HDAC2 and targeted to histones by the presence of RbAp48 and the other depending on HDAC3, devoid of histone targeting and perhaps specific for non-histones proteins, such as E2F1.
We here show that RbAp48 is required for transcriptional repression of E2F activity. Surprisingly, we found that HDAC3, as HDAC1, favours its recruitment to Rb. HDAC3 is likely to function as a bridge between RbAp48 and Rb since it interacts in vitro as well as in living cells with RbAp48. Taken together, these results suggest that the Rb-associated repressive complex contains HDAC1, HDAC2 or HDAC3 and RbAp48.
MATERIALS AND METHODS

Cell culture and transfection
SAOS-2 and NIH 3T3 cells were maintained in DMEM supplemented with 10% FCS and antibiotics. For transient transfection experiments, 10 6 SAOS-2 cells were plated in 10 cm Petri dishes. Transfection was performed the following day by calcium/phosphate co-precipitation using standard procedures. Cells were harvested 24 h later.
Vectors
Details of the construction of pGEX2T-RbAp48 are available upon request. The PCMV Neo Bam Rb 379-928, pCMV Neo Bam E2F1 and pCMV HA-HDAC1 expression vectors have been described previously (12) . pCMV Flag-HDAC3 was a kind gift from Dr E. Seto (H. Lee Moffitt Cancer Center and Research Institute, Tampa, FL) (21) . The PCMV HA-RbAp48 expression vector has also been described (16) . Vectors allowing in vitro translation of HDAC1 and HDAC3 were kind gifts from Drs S.L. Schreiber (Harvard University, Cambridge, MA) and E. Seto, respectively. PCMV F-HDAC1 was a kind gift from Dr S.L. Schreiber (22) . The E2F-GFP reporter vector was constructed as described (23) . Plasmids expressing GST-E2F1 359-437 (GST-E2F1-AD) and GST-CREB 88-160 (GST-CREB-AD) were kind gifts from Dr T. Kouzarides (Wellcome/CRC Institute, Cambridge, UK) and M. Montminy (Harvard Medical School, Boston, MA), respectively.
Immunoprecipitations
Transiently transfected cells (one dish) were lysed in 500 µl of lysis buffer (50 mM Tris, pH 8.0, 300 mM NaCl, 0.4% NP40, 10 mM MgCl 2 ) supplemented with a cocktail of protease inhibitors (Complete; Roche Diagnostics) and phosphatase inhibitors (10 mM NaF, 1 mM NaOV; both from Sigma). Extracts were cleared by centrifugation (20 000 g for 15 min), then diluted with 500 µl of dilution buffer (50 mM Tris, pH 8.0, 0.4% NP40, 2.5 mM CaCl 2 ) supplemented with a cocktail of protease and phosphatase inhibitors and with DNase I (Worthington). Extracts were precleared by a 30 min incubation with 20 µl of protein A/protein G beads at 4°C on a rotating wheel. Antibodies (as indicated in the figure legends) were then added to the precleared extracts. After 1 h at 4°C, 10 µl of protein A/protein G beads were added and extracts were incubated for 1 h at 4°C on a rotating wheel. After extensive washing, bound proteins were analysed by western blotting. For immunoprecipitation of endogenous proteins, HeLa nuclear extracts (50 or 200 µl; Computer Cell Culture Center, Belgium) were diluted in 500 µl of washing buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.4% NP40, 5 mM MgCl 2 ) and subjected to immunoprecipitation as described above.
GST pull downs
GST fusion proteins were expressed in Escherichia coli and purified essentially as described (16) . For GST pull downs, 10 µl of beads [corresponding to ∼2 µg fusion proteins and prewashed with ELB buffer (50 mM HEPES, pH 7.9, 250 mM NaCl, 0.1% NP40)] were incubated for 10 min at room temperature with 10 µl of unprogrammed reticulocyte lysate (Promega). Beads were then diluted in 200 µl of ELB buffer, supplemented with 1 mM DTT and BSA (150 µg/ml), and incubated for 10 min at room temperature. 35 S-labelled in vitro translated proteins were then added and incubated for 1 h at room temperature. After extensive washing, bound proteins were detected by SDS-PAGE, followed by autoradiography.
Microinjections
NIH 3T3 cells were grown on coverslips. Antibodies and plasmids were microinjected in a buffer containing 10 mM Tris, pH 7.4, 100 mM KCl. NIH 3T3 cells were microinjected with a mixture of Dextran-Rhodamine (10%; Molecular Probes) as a microinjection marker, an E2F-driven GFP reporter construct (2 µg/µl final concentration), a monoclonal antibody (250 ng/µl final) against either RbAp48 (11G10; Genetex) or HA (12CA5; Roche Diagnostics) as a negative control and with or without pcDNA3-Flag-p48 or the empty vehicle vector, at 2 µg/µl final concentration. Cells were fixed 24-36 h later using 4% paraformaldehyde. Red cells (microinjected cells) and green cells (GFP-positive cells) were then counted.
RESULTS
We have previously shown that RbAp48 is physically present within the Rb-associated histone deacetylase complex. We next wanted to investigate the functional role of RbAp48 in E2F regulation.
RbAp48 is an abundant protein and all our experiments aimed at studying the role of RbAp48 by overexpressing exogenous protein from a transiently transfected template failed (data not shown). Thus, in order to test whether RbAp48 is important for transcriptional repression of E2F activity, we inactivated it by microinjection of an anti-RbAp48 antibody.
In microinjection experiments we used antibody 11G10, which is specific for RbAp48, since it does not recognise the highly related protein RbAp46 (16) . Microinjection of an E2F-GFP reporter construct into Rb-positive NIH 3T3 cells [performed as described (23) , except that microinjected cells were growing exponentially] led to between 15 and 20% GFP-positive cells, likely reflecting cells around the G 1 /S transition, in which E2F is active (Table 1) . Strikingly, co-injection of a RbAp48-specific antibody led to a major increase in the percentage of green cells (up to 50-70%). This increase was specific for E2F-regulated promoters and did not reflect a general increase in transcription, since two control promoters, CMV and p21, were not affected by addition of anti-RbAp48 antibody. Thus, inactivation of RbAp48 resulted in activation of E2F activity. Importantly, this increase was reversed, at least in part, by coinjection of an expression vector for RbAp48 (Table 2 ). These data indicate that RbAp48 is required for repression of E2F activity. To our knowledge, they are the first direct demonstration of the involvement of RbAp48 in transcriptional repression. We previously proposed that RbAp48 could be recruited to E2F-regulated promoters through a direct interaction with the histone deacetylase HDAC1, which binds Rb (16) . Interestingly, Rb also binds the histone deacetylase HDAC3 (19), which is not believed to interact with RbAp48 (20) . This could provide a molecular basis for potential functional differences between these two Rb-associated histone deacetylases. We thus tested the effect of HDAC3 on the Rb-RbAp48 interaction. We transfected SAOS-2 cells with expression vectors for the Rb pocket domain (Rb 379-928, Rb), HA-tagged RbAp48 (HA-RbAp48) and Flag-tagged HDAC3 (F-HDAC3). As previously shown (16) , immunoprecipitation of Rb in the absence of exogenous histone deacetylases led to specific coimmunoprecipitation of a small amount of fast migrating transfected RbAp48 (Fig. 1, lane 3) . In the presence of exogenous HDAC3 much more RbAp48 was found associated with Rb (lane 7). This increase was not due to better production of transfected Rb (Fig. 1, bottom, compare lanes 3 and 7) or RbAp48 (Fig. 1, top, compare lanes 4 and 8) . These results indicate that, as for HDAC1, the presence of exogenous HDAC3 led to a substantial increase in Rb-RbAp48 interaction in transfected cells.
Since HDAC3, in contrast to HDAC1, is thought not to interact with RbAp48 in live cells (20) , we reasoned that the increase in Rb-RbAp48 interaction could result from an indirect effect of HDAC3, leading for example to hyperactive Rb. To test this idea, we investigated the effect of exogenous HDAC3 on the ability of Rb to interact with E2F1. This E2F1-Rb interaction is direct and is dependent upon active hypophosphorylated Rb. As expected, immunoprecipitation of Rb from transfected cells led to specific co-immunoprecipitation of transfected E2F1 (Fig. 2, top, lane 4) . In the presence of exogenous HDAC3, the amount of E2F1 immunoprecipitated with Rb did not increase (lane 1), but rather, if anything, decreased slightly. This cannot be explained by a lack of expression of transfected E2F1 (bottom, lane 1) or Rb (middle, lane 1). These data indicate that the presence of exogenous HDAC3 does not change the ability of Rb to contact E2F1 and suggest that it does not induce any major changes in the biochemical activity of exogenous Rb. Thus, the results from Figure 1 are unlikely to be due to an effect of HDAC3 on the activity of Rb and rather suggest that HDAC3, like HDAC1, is able to physically bridge Rb and RbAp48. Consistent with this hypothesis, RbAp48 and HDAC3 have been shown to bind the same domain of Rb, which contacts the so-called 'LXCXE' motif (16, 19) . This motif is shared by many viral and cellular proteins and is responsible for direct interactions with the pocket domain of Rb (24) . This latter explanation would require a physical interaction between HDAC3 and RbAp48. We tested this possibility in vitro by GST pull down experiments (Fig. 3A) . We found that in vitro translated HDAC1 was retained on GST-RbAp48 beads (lane 5), but not on control GST beads (lane 6), indicating that HDAC1 can bind RbAp48 in vitro. This result was expected, since the physical interaction between HDAC1 and RbAp48 is well documented (25) . In vitro translated HDAC3 was also specifically retained on RbAp48 beads (compare lanes 3 and 4) . In similar experiments, HDAC3 did not interact with GST-E2F1-AD or GST-CREB-AD fusion proteins (compare lanes 9 and 10 with lane 8). Thus, HDAC3 shares with HDAC1 the ability to interact with RbAp48, at least in vitro. Furthermore, the amounts of HDAC3 or HDAC1 specifically retained on GST-RbAp48 beads are similar, suggesting that the affinity of RbAp48 for HDAC3 is comparable to its affinity for HDAC1.
To test whether these proteins can interact in living cells, we performed co-immunoprecipitation experiments on transfected cells (Fig. 3B) . We found that HA-RbAp48 was present in the flag immunoprecipitates only when a Flag-HDAC1 or Flag-HDAC3 expression vector was included in the transfection (lanes 3 and 5), but not in their absence (lane 1). This difference was not due to a difference in the expression levels of exogenous RbAp48 (compare lanes 2, 4 and 6). Thus, this result indicates that RbAp48 interacts with HDAC3 in transfected cells.
We also tested co-immunoprecipitation of endogenous proteins. Immunoprecipitation of RbAp48 with an antiRbAp48 antibody (RBBP; Transduction Laboratories) led to specific co-immunoprecipitation of HDAC3, indicating that both proteins are physically associated (Fig. 3C, left) . HDAC1 and HDAC2 were also detected in RBBP immunoprecipitates at longer exposures (data not shown). Co-immunoprecipitation of HDAC3 and RbAp48 was confirmed by immunoprecipitation using other anti-RbAp48 antibodies (middle and right), although in these cases less HDAC3 was co-immunoprecipitated compared to HDAC1 and HDAC2 (Fig. 3C) . This discrepancy could reflect a difference in the accessibility of the various epitopes depending on the multimolecular complex. Alternatively, strong co-immunoprecipitation of HDAC3 using antibody RBBP could be due to RbAp46, a protein which is highly related to RbAp48 and which is recognised by this antibody. Whatever the explanation, these results indicate that endogenous HDAC3 and RbAp48 are present within the same multimolecular complex.
DISCUSSION
In this paper we show that: (i) RbAp48 is required for transcriptional repression of E2F-regulated promoters; (ii) HDAC3 interacts physically with RbAp48; (iii) HDAC3 shares with HDAC1 the ability to mediate Rb-RbAp48 interaction.
These data stand in contrast to what was found in a previous study (20) , which could not detect any physical interaction between HDAC3 and RbAp48. This discrepancy could reflect Figure 2 . Exogenous HDAC3 does not increase the E2F1-Rb interaction. SAOS-2 cells were transiently transfected by calcium phosphate co-precipitation with the indicated expression vectors. Total cell lysates were immunoprecipitated using the anti-Rb antibody (top and middle) or an anti-E2F1 antibody (antibody KH95; Santa Cruz Biotechnologies) (bottom). Immunoprecipitates were subjected to western blot analysis using the anti-E2F1 antibody (top and bottom) or the anti-Rb antibody (middle). the different cell type used in their experiments compared to ours. Our results (Fig. 3C ) indeed indicate that most of the endogenous HDAC3 is likely to be free of RbAp48. However, our results show that HDAC3 very efficiently mediates formation of a ternary complex with Rb and RbAp48 (Fig. 1) . The direct Rb-RbAp48 interaction, previously shown in vitro (26) , could help to stabilise this ternary complex.
Taken together, our data indicate that HDAC3 has the ability to bind RbAp48 and to mediate recruitment of RbAp48 to Rb. We did not detect any interaction in vitro between Rb and HDAC3 (data not shown), suggesting that HDAC3 interacts with Rb through another protein, which has been proposed to be RBP1 (19) . Also, contrary to what was previously found using purified proteins (26), we found no evidence for direct contacts between RbAp48 and Rb (data not shown). This led us to propose a model (Fig. 4) in which HDAC1, HDAC2 or HDAC3 is targeted to E2F-regulated promoters through either a direct (HDAC1 or HDAC2) or indirect (HDAC3) interaction with Rb. In turn, these three proteins recruit RbAp48 protein.
If this model is correct, all three histone deacetylases could be involved in transcriptional repression by Rb protein. In transient transfection experiments, we did not detect any effect of expression of exogenous HDAC3 on transcriptional repression by Rb (data not shown). In similar experiments, HDAC1 has been shown to cooperate with Rb (12) . This could suggest that HDAC1 is more efficient as a co-repressor for Rb than HDAC3. An alternative explanation could be that HDAC3 is not limiting in this type of experiment. The relative contributions of these histone deacetylases to transcriptional control of E2F-regulated promoters is presently unknown and might await the availability of knock-out mice. However, recent results suggest that HDAC3 plays a prominent role in transcriptional repression of specific promoters, since it is a major component of the N-CoR and SMRT complexes (27) (28) (29) (30) . Furthermore, HDAC3 was recently shown to be present in the same complex as members of the SWI-SNF complex (31) . Strikingly, the catalytic subunits of the SWI-SNF complex, BRG1 and hbrm, are involved in transcriptional repression by Rb (32, 33) .
Our results (Table 1) indicate that RbAp48 is required for transcriptional repression of E2F-regulated promoters. To our knowledge, our data are the first direct evidence showing that RbAp48 is involved in transcriptional repression. What could be the role of RbAp48? RbAp48 interacts directly with histone H4, suggesting that it could direct histone deacetylases to histones (17, 18) . It could be envisioned that the presence of RbAp48 increases the efficiency of HDAC3-mediated deacetylation. Unfortunately, purified recombinant HDAC3 does not harbour any histone deacetylase activity, making this interesting hypothesis difficult to test practically.
Nevertheless, RbAp48 is found in many chromatin-related complexes (34) (35) (36) (37) . Thus, although a role of RbAp48 in the deacetylation of nucleosomal histones has never been proven, its presence suggests that histones are bona fide substrates of histone deacetylase complexes. The fact that RbAp48 can be recruited through a physical interaction with HDAC3 (Fig. 3) argues against the existence of a Rb-associated deacetylase complex that would not be targeted to histones and that would deacetylate only non-histone proteins. Consistent with that, targeting Rb to a transiently transfected DNA is sufficient to induce histone deacetylation (10) . Furthermore, histones present within E2F-regulated promoters are hypoacetylated when the Rb-related protein p130 is bound to the promoter (15) . (15) . It recruits a histone deacetylase ('HDAC') through a direct (HDAC1 or HDAC2) or indirect (HDAC3, through RBP1) interaction. These three deacetylases share the ability to recruit the histone-binding protein RbAp48, leading to deacetylation of histones present on the promoter.
